Paramyxoviruses comprise several major human pathogens. Although a live-attenuated vaccine protects against measles virus (MV), a member of the paramyxovirus family, the virus remains a principal cause of worldwide mortality and accounts for approximately 21 million cases and 300,000 to 400,000 deaths annually. The development of novel antivirals that allow improved case management of severe measles and silence viral outbreaks is thus highly desirable. We have previously described the development of novel MV fusion inhibitors. The potential for preexisting or emerging resistance in the field constitutes the rationale for the identification of additional MV inhibitors with a diverse target spectrum. Here, we report the development and implementation of a cell-based assay for high-throughput screening of MV antivirals, which has yielded several hit candidates. Following confirmation by secondary assays and chemical synthesis, the most potent hit was found to act as a target-specific inhibitor of MV replication with desirable drug-like properties. The compound proved highly active against multiple primary isolates of diverse MV genotypes currently circulating worldwide, showing active concentrations of 35 to 145 nM. Significantly, it does not interfere with viral entry and lacks cross-resistance with the MV fusion inhibitor class. Mechanistic characterization on a subinfection level revealed that the compound represents a first-in-class nonnucleoside inhibitor of MV RNA-dependent RNA polymerase complex activity. Singly or in combination with the fusion inhibitors, this novel compound class has high developmental potential as a potent therapeutic against MV and will likely further the mechanistic characterization of the viral polymerase complex.
Measles virus (MV), a member of the paramyxovirus family, remains a principal cause of worldwide morbidity and mortality, being responsible for approximately 300,000 to 400,000 deaths annually, despite the existence of a live-attenuated vaccine (8, 50) . Globally, measles is the leading cause of childhood death from a vaccine-preventable disease (http://www.cdc.gov /programs/global06.htm) and remains among the 10 most lethal human pathogens. Transmitted via the respiratory route, the virus is highly communicable and one of the most infectious pathogens identified (19, 21, 47) . Complications associated with MV infection include acute encephalitis in approximately 0.1% of cases and subacute sclerosing panencephalitis, a lethal late sequela that occurs years after the primary infection (19, 22) .
Currently, no therapeutics are available for case management of severe measles or the rapid silencing of local outbreaks. Ribavirin, the only drug available for the treatment of some paramyxovirus infections (9, 41) , has been used experimentally for the treatment of measles, but with limited efficacy (2) . This makes desirable the development of cost-effective antivirals against MV that augment the existing vaccination program.
MV infection is initiated by pH-independent fusion of the viral envelope with the target cell plasma membrane (19) . The hemagglutinin (H) envelope glycoprotein mediates particle attachment (13, 18, 32, 46) , followed by membrane fusion orchestrated by the fusion (F) envelope protein (26) . Viral-gene expression and subsequent genome replication then take place in the cytosol (19) . Both processes are mediated by the viral RNA-dependent RNA polymerase (RdRp) complex, which consists minimally of a homotetramer of the viral phosphoprotein (P) and a single polymerase (L) protein (6, 25) . The sole target for RdRp is a ribonucleoprotein complex of viral RNA encapsidated by the MV nucleocapsid (N) protein (6) , minimizing the presence of naked genomic RNA in the host cell. Considering that human and animal tissues lack a known homologue of the RdRp or the fusogenic envelope proteins, the polymerase complex and components of the entry machinery constitute particularly attractive targets for virus-specific smallmolecule inhibitors.
Despite its critical role in the viral life cycle, our mechanistic understanding of the MV RdRp is still limited and the structural characterization of its components is sparse. An abundance of structural disorder has been found in the MV N and P proteins (23, 27) , and no paramyxovirus polymerase has been purified yet (6) . In addition to their therapeutic potential, small-molecule compounds interfering with the function of the MV RdRp complex may constitute viable tools for a better molecular and structural characterization of the viral replication machinery.
In contrast to the RdRp, considerable structural information is available for the paramyxovirus attachment (12, 53) and fusion proteins, including structures of the latter in both the prefusion (52) and intermediate to postfusion (10, 51) conformations. In previous work, we identified a new class of MV fusion inhibitors, substituted anilides, in a structure-based drug design approach (36, 38) . The lead compound of this inhibitor class, AS-48 (35, 44) , shows activity in the low micromolar range (50% inhibitory concentration, 0.6 to 3.0 M) against a panel of MV field isolates. A single sub-Saharan isolate is resistant to inhibition by AS-48, however, and in vitro adaptation has resulted in the appearance of characteristic escape mutants after four to seven passages (14) , suggesting that resistance may emerge rapidly in the field. The identification of additional drug candidates against MV with diverse target characteristics is therefore imperative. In addition to counteracting preexisting resistance, combined administration of compounds with different target sites may reduce the rate of viral escape or result in impaired fitness of virions that develop multiple resistance.
Toward this goal, we report here the development of a robust, cell-based assay for high-throughput screening (HTS) of MV inhibitor candidates. Implementation of this assay has yielded several hit candidates, which were subsequently confirmed in manual secondary assays. The structure of the most potent candidate was confirmed by independent synthesis. It has desirable drug-like properties, does not block viral entry, and is not subject to cross-resistance with the AS-48 class of MV fusion inhibitors. Mechanistic characterization has revealed that the compound acts late in the viral life cycle, prompting us to address the question of whether it specifically interferes with the activity of the viral polymerase complex.
MATERIALS AND METHODS
Cell culture, transfection, and production of MV stocks. All cell lines were maintained at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. Vero-SLAM cells, derived from Vero cells (African green monkey kidney epithelial cells; ATCC CCL-81) and stably expressing human SLAM/CD150w; VerodogSLAM cells (40) stably expressing dog SLAM; and BSR T7/5 cells (7) stably expressing T7 polymerase were incubated at every third passage in the additional presence of G-418 (Geneticin) at a concentration of 100 g/ml. Lipofectamine 2000 (Invitrogen) was used for transient-transfection experiments. To prepare virus stocks, cells were infected at a multiplicity of infection (MOI) of 0.001 PFU/cell and incubated at 37°C. The cells were scraped in OPTIMEM (Invitrogen), virus was released by two freeze-thaw cycles, and titers were determined by 50% tissue culture infective dose (TCID 50 ) titration according to the SpearmanKarber method (43) as previously described (37) . MV-Edmonston (MV-Edm) stocks were grown and titered on Vero cells, while for MV field isolates, Vero-SLAM cells were used, and for canine distemper virus (CDV), Vero-dogSLAM cells were used. All MV field isolates were originally derived from peripheral blood mononuclear cell samples, and the viruses were isolated and minimally passaged on SLAM-positive B95-a cells or Vero-SLAM cells.
High-throughput compound screening. For screening, Vero cells were seeded in 96-well microtiter plates at a density of 7,500 cells per well in 100 ml growth medium. After a 4-hour incubation period at 37°C and 5% CO 2 , compound was added in 1.0-l/well doses (25 M final concentration) with a Sciclone automated liquid handler system (Caliper, MA), followed by infection with a recombinant MV that harbors enhanced green fluorescent protein (eGFP) as an additional transcription unit (rMV-eGFP) (15, 17) at an MOI of 0.25 PFU/cell in 100 ml serum-free medium. Final solvent (dimethyl sulfoxide [DMSO]) concentrations were 0.5%, at which no adverse effect on cell viability or virus growth could be detected in control samples. All virus stocks used for screening were subjected to dialysis against phosphate-buffered saline (PBS) to remove contaminating eGFP that had been synthesized during virus growth. Following a 64-hour incubation period at 37°C, green fluorescence, indicating expression of viral proteins, was quantified using an Analyst HT microplate reader (Molecular Devices). To validate the assay, the MV fusion inhibitor AS-48 (35) was added in an otherwise identical setting, and zЈ values were calculated according to the following formula: zЈ ϭ 1 Ϫ (3SD C ϩ 3SD B )/(mean C Ϫ mean B ), where C is the control and B is the background (54) . As a first-pass test to exclude false-positive compounds, cytotoxicity was assessed microscopically for all wells that showed low fluorescence intensity and, for selected compounds, photodocumented at a magnification of ϫ200. The compound library used was a diversity set purchased by the Emory Chemical Biology Discovery Center from ChemDiv (San Diego, CA).
Chemical synthesis of compound 16677. For synthesis of compound 16677, 1-methyl-3-trifluoromethyl-5-pyrazolecarboxylic acid (see Fig. 4 , step 3) was prepared from commercially available compound 1 (see Fig. 4 ), as previously described (39) . Compound 3 (see Fig. 4 ) (820 mg; 4.2 mmol) in dichloromethane (10 ml) was treated with oxalyl chloride (2.0 M in CH 2 Cl 2 ; 8.5 mmol; 4.2 ml) and a catalytic amount of dimethylformamide. The reaction mixture was incubated at room temperature for 5 h. Evaporation of solvent delivered yellow acyl chloride (see Fig. 4 , step 4) in a quantitative yield. A portion of the latter in dichloromethane (0.55 mmol) was added to a cold solution of 4-amino-prolidinyl sulfonamide (see Fig. 4 , step 5) (113.1 mg; 0.5 mmol) and pyridine (48 l; 0.6 mmol) in dichloromethane (2 ml). The reaction mixture was warmed to room temperature (18 h), poured into dilute hydrochloric acid (1 N), extracted with dichloromethane (three times 15 ml), and dried over anhydrous Na 2 SO 4 . The product was purified by chromatography using hexane-ethyl acetate (3:1) to obtain compound 16677 as a white powder (110.2 mg; 55% yield). 1 Quantification of compound cytotoxicity. Two independent assays, a nonradioactive cytotoxicity assay (CytoTox 96 Non-Radioactive Cytotoxicity Assay; Promega) and a trypan blue exclusion assay, were employed to determine the cytotoxicities of compounds. For the cytotoxicity assay, 12,000 cells per well in a 96-well plate format were incubated at 37°C for 24 h in four replicates per concentration tested in the presence of a range of compound concentrations in twofold dilutions (highest, 150 M; 300 M for compound 16677). Conversion of a tetrazolium salt into a colored formazan product by cellular lactate dehydrogenase released into the culture supernatants was then measured at 490 nm using a Bio-Rad plate reader. Values were calculated according to the following formula: percent viability ϭ 100 Ϫ [(experimental Ϫ background)/(maximum Ϫ background) ϫ 100]. For the trypan blue exclusion assay, 2 ϫ 10 5 cells per well were seeded in a six-well plate format and incubated at 37°C for 30 h in three replicates per concentration tested in the presence of a range of compound concentrations in fivefold dilutions (highest, 500 M). The cells were then detached from the culture dishes, aliquots were incubated with trypan blue solution for 15 min at room temperature, and the viable cells were counted using a hemacytometer. Dose-response inhibition curves based on virus yields. To generate virus yield-based dose-response curves, 4 ϫ 10 5 cells per well were infected in a six-well plate format with rMV-Edm, MV field isolates, CDV, or human parainfluenza virus type 2 (hPIV2) as specified at an MOI of 0.1 PFU/cell in the presence of a range of compound concentrations in twofold dilutions (highest, 75 M) or equivalent volumes of solvent (DMSO) only and incubated in the presence of compound at 37°C. For assessment of clinical MV isolates, compound was added in threefold dilutions (highest, 37.5 M). Thirty-six hours postinfection, cell-associated viral particles were harvested and titered as described above. Plotting virus titers as a function of the compound concentration allowed the calculation of 50% effective concentrations (EC 50 s), at which virus yields are 50% of DMSO-treated controls.
Compound specificity. To determine compound specificity, 4 ϫ 10 5 cells in a six-well plate format were infected in serum-free growth medium at an MOI of 0.1 or 0.5 PFU/cell, as specified, in the presence of a range of 16677 concentrations in fourfold dilutions (highest, 12.5 M). Bovine serum albumin (BSA) was added to some samples at a final concentration of 10 mg/ml. When virus-induced cytopathicity in DMSO control samples reached approximately 75%, the complete series was harvested, titers of cell-associated viral particles were determined by TCID 50 titration, and EC 50 s were calculated for each series.
Compound stability. To assess compound stability under physiological conditions, inhibitor 16677 was dissolved in growth medium (15 M final concentration) and incubated at 37°C and the physiological pH for different time intervals (longest, 24 h). Control samples contained equal amounts of DMSO and were likewise incubated for 24 h. Subsequent to preincubation, MV was added to the compound aliquots, and the mixtures were transferred to 4 ϫ 10 5 target cells seeded in a six-well plate format (resulting MOI, 0.1 PFU/cell). Thirty-six hours postinfection, cell-associated viral particles were harvested and virus titers were determined by TCID 50 titration.
Transient fusion-inhibition assays. To assess the ability of compound 16677 to inhibit cell-to-cell fusion induced by transiently expressed MV glycoproteins, a previously established assay was employed (35) . Briefly, 6 ϫ 10 5 cells per well were transfected in a 6-well plate format with 4 g plasmid DNA each encoding MV H and F genes, and the cells were transferred 4 h posttransfection to 96-well plates containing compound 16677 or AS-48 in a range of concentrations in twofold dilutions (highest, 150 M). Fusion activity was assessed microscopically 48 h posttransfection, and the extent of cytotoxicity as a consequence of extensive syncytium formation was quantified according to the following formula, using the cytotoxicity assay described above: percent cytotoxicity ϭ (experimental Ϫ background)/(maximum Ϫ background) ϫ 100. For some experiments, the cells were photodocumented 24 h posttransfection.
Dissociation assays. Viral particles (8 ϫ 10 4 PFU, equivalent to an MOI of 0.1 PFU/cell) were mixed with compound 16677 (final concentration, 15 M) dissolved in 3 ml PBS. After a 10-minute incubation at 37°C to allow compound binding, the sample was divided into two aliquots (1.5 ml each) that were either subjected to dialysis against PBS (cutoff, 75 kDa; dilution factor, 100,000ϫ; 4°C; 10 h) or incubated for 10 h at 4°C without dialysis. A control sample was treated with DMSO only and subjected to dialysis. All samples were then transferred to 4 ϫ 10 5 target cells seeded in a six-well plate, cell-associated viral particles were harvested 36 h postinfection, and viral titers were determined by TCID 50 titration.
Virus entry assays. For entry experiments, viral particles (MOI ϭ 0.5 PFU/ cell) were adsorbed to 4 ϫ 10 5 target cells in a six-well plate format at 4°C in the presence of 10 M 16677 or an equal amount of DMSO for 1 hour. The cells were then shifted to 37°C for 30 min, followed by inactivation of adsorbed extracellular virions by a 2-minute acid treatment (40 mM sodium citrate, 10 mM KCl, 135 mM NaCl, pH 3.0) at 25°C as previously described (33, 35, 36) . Subsequent incubation for 30 h at 37°C in the presence or absence of 10 M 16677, as specified, was followed by determination of cell-associated virus titers by TCID 50 titration.
Time of compound addition assays. Cells (3 ϫ 10 5 /well in a 12-well plate format) were infected with MV at an MOI of 1.0 PFU/cell, and compound 16677 (final concentration, 15 M) or AS-48 (final concentration, 75 M) was added at the indicated time points. Control cells were infected in the presence of equal amounts of DMSO. Twenty hours postinfection, when virus-induced cytopathicity exceeded 90%, cell-associated viral particles were harvested and subjected to TCID 50 titration.
Minireplicon assays. BSR T7/5 cells (5 ϫ 10 5 per well in a six-well plate format) were transfected with plasmid DNA encoding MV L (0.24 g), MV N (0.94 g), or MV P (0.29 g) and 2 g of the MV chloramphenicol acetyltransferase (CAT) minigenome reporter plasmid (42) . For analysis of Nipah virus polymerase activity, cells were transfected with plasmid DNAs encoding Nipah virus L (0.4 g), N (1.25 g), or P (0.8 g) protein and 3.5 g of the Nipah CAT reporter plasmid as previously described (20) . Control wells included identical amounts of reporter and helper plasmids but lacked the plasmids harboring the respective L gene. Two hours posttransfection, compound 16677 was added in a range of concentrations in threefold dilutions (highest, 30 M), while some wells received compound AS-48 or equal amounts of DMSO for comparison. Thirtyeight hours posttransfection, the cells were lysed and CAT concentrations in the lysates were determined using a CAT-enzyme-linked immunosorbent assay system (Roche).
In vitro protein transcription/translation. Rabbit reticulocyte lysates were mixed with 0.5 g plasmid DNA encoding MV F under the control of the T7 promoter (pT7-MV F), 20 Ci [
35 S]methionine, and compound 16677 (final concentration, 50 M) or an equal volume of DMSO. Samples were incubated at 30°C for 90 min, mixed with urea buffer (200 mM Tris, pH 6.8, 8 M urea, 5% sodium dodecyl sulfate, 0.1 mM EDTA, 0.03% bromphenol blue, 1.5% dithiothreitol), and fractionated on 12% polyacrylamide gels. The dried gels were exposed to XAR films.
RESULTS
Development of a primary assay suitable for automated screening of MV antivirals. To identify novel MV inhibitor candidates, we have developed a protocol for the automated screening of compound libraries for their activities against live MV. The assay relies on rMV-eGFP (15, 17) and detects eGFP-mediated fluorescence as an indicator for expression of the viral genome. Due to the positioning of the eGFP-encoding transcription unit in the viral genome, every infectious cycle results in eGFP synthesis prior to expression of the viral proteins. Consequently, compounds that interfere with vial entry or viral-gene expression should predominantly be identified. To exclude compounds with substantial cytotoxicity prior to secondary assays, cell viability was determined microscopically in a second step for all wells in which the automated system detected low fluorescence intensities.
When employing the MV entry inhibitor AS-48 to evaluate this assay, we observed a time-dependent increase in signal intensity, reflecting virus growth and genome expression. At 64 h postinfection, the signal-to-background ratio reached 6.43 and the overall zЈ value was 0.8 ( Fig. 1) . Robust screening protocols typically yield zЈ values from 0.5 to 1, indicating the broad suitability of an assay for automated screening (54) . These results therefore recommended our protocol as a suitable strategy for HTS-based hit identification.
Library screening yields four sulfonamide hit candidates. We applied this assay to the automated screening of 34,000 compounds. The process yielded 12 potential hits that reduced GFP fluorescence to background levels and showed low cytotoxicity when wells were microscopically assessed. Retesting of these molecules in the same assay reduced the number of reproducible hits to four compounds (Fig. 2) , equivalent to a hit identification rate of approximately 0.01%. The chemical structures of the four hit compounds are shown in Table 1 . While they represent different structural classes overall, it is remarkable that each of these compounds incorporates a sulfonamide unit. The compounds were not found in searches 
, where C is the control and B is the background; S/B, signal to background ratio. Secondary confirmatory assays identified compound 16677 as the most potent hit. To compare antiviral activities and assess whether these compounds represent true hits that warrant hit-to-lead development, each was subjected to indepen- on November 10, 2017 by guest http://aac.asm.org/ dent secondary assays. We first quantified the inherent cytotoxicities of the four compounds using a colorimetric cytotoxicity assay (1) . Candidates 99920 and 15960 revealed 50% cytotoxic concentrations (CC 50 s) of 100 and 121 M, respectively, while compounds 68290 and 16677 showed no detectable toxicity at 150 M and 300 M, respectively, the highest concentrations examined (Fig. 3A and Table 1 ). These experiments were complemented for compounds 68290 and 16677 by an independent trypan blue exclusion assay that determined the effects of the inhibitor candidates on cell proliferation rates and viabilities. For compound 16677, the number of live cells was reduced by only 20% after incubation in the presence of compound concentrations as high as 500 M, while for compound 68290, a 50% reduction was observed at approximately 71 M (Fig. 3B and Table 1 ).
Since the CC 50 s of all candidate compounds substantially exceeded the concentrations used in the primary HTS assay (25 M), all four were subjected to a confirmatory assay that measured the reduction of virus yields by the inhibitor. Using as the viral target rMV-Edm, which was also employed for the original HTS screen, compound 16677 was found to have the greatest antiviral potency, with an EC 50 of approximately 240 nM ( Fig. 3C and Table 1 ). The EC 50 s for the other three candidates are summarized in Table 1 .
Taken together, these secondary assays recommended compound 16677 as a particularly promising candidate MV inhibitor. Since compounds incorporated in HTS libraries, particularly those dissolved in DMSO, are known to degrade and/or rearrange upon prolonged storage (45), the integrity of 16677 was confirmed by chemical synthesis. The synthesis strategy is summarized in Fig. 4 . Pure synthetic 16677 proved highly effective against MV and was used for all experiments subsequent to hit identification.
Compound 16677 is a target-specific MV inhibitor. To examine the protein binding and viral specificity of candidate 16677, we first subjected the compound to two assays that were reportedly suitable to determine nonspecific protein binding (29, 30) . For these and all following experiments, the MV field isolate Alaska (MV-Alaska) was employed, since this strain was found to be highly sensitive to 16677 (see below).
The first assay measured the effect of additional inert protein (BSA) on compound activity, and the second monitored the outcome of an increase in the amount of available target. BSA is thought to compete with the target protein for nonspecific binding to compound, while an increase in the number of target molecules would quickly saturate the absorption capacity of compound aggregates. In either case, a sharp drop in activity reflected by increased EC 50 s would result, while the EC 50 s of well-behaved inhibitors would be essentially unaffected. When EC 50 s were determined for 16677 after incubation of infected cells in the presence and absence of 10 mg/ml BSA or after infection with a fivefold-higher virus inoculum, no significant differences were observed (Fig. 5A) , indicating little nonspecific protein binding.
Assessment of activities of 16677 against two related members of the paramyxovirus family, CDV and hPIV2, corroborated these findings. Like MV, CDV belongs to the genus Morbillivirus, and the two viruses share approximately 61% protein identity, while hPIV2 is more distantly related and shows only 21% protein identity with MV. When dose-response curves were generated for these viruses, compound 16677 yielded an EC 50 of 28 M against CDV and was not inhibitory against hPIV2 at 75 M, the highest concentration examined (Fig. 5B) . These data thus demonstrate high specificity of compound 16677 for MV and to a lesser degree for the To assess its stability under physiological conditions, 16677 was preincubated in cell culture medium at 37°C for different periods ranging from 0 to 24 h, followed by mixing with MVAlaska and infection of target cells. While virus grew efficiently in solvent-only-treated control infections, no loss in antiviral activity of 16677 could be detected even after preincubation for 24 h (Fig. 6A) , indicating a favorable stability profile for the compound.
To explore whether 16677 chemically reacts with its target or whether compound docking is reversible, MV aliquots were incubated with the compound in the absence of target cells for 10 min at 37°C, followed by dialysis at 4°C with a molecular mass cutoff of 75 kDa, which ensured free diffusion of the compound but not the viral particles (total dilution factor of the compound, 100,000-fold). Controls included solvent-onlytreated particles that were similarly subjected to dialysis and 16677-treated virus samples that were, instead of being dialyzed, held at 4°C for the same period. Subsequent infection of cells with the different virus samples and titration of infectious particles produced 30 h postinfection revealed that the inhibitory activity of 16677 is ablated by dialysis prior to infection (Fig. 6B) , indicating that compound docking is reversible and is not based on a chemical reaction of the inhibitor with the target.
Potent activity of 16677 against primary MV isolates, including an isolate resistant to the MV entry inhibitor AS-48.
To explore the potential value of candidate 16677 as a clinically relevant inhibitor of MV, we assessed its activities against a panel of primary MV isolates that represented several genotypes circulating worldwide (see Table S2 in the supplemental material). This panel included the sub-Saharan isolate of genotype B3, MV-Ibd, which we previously found to be resistant to our series of MV entry inhibitors (14) . Depending on the genotype of the MV strain analyzed, we calculated EC 50 s ranging from 35 to 140 nM for these isolates (Fig. 7) . MV-Ibd was likewise inhibited by 16677, indicating that no cross-resistance exists between this compound class and the previously characterized MV entry inhibitors. All primary isolates tested were also more sensitive to compound 16677 than was the recombinant MV-Edm virus (genotype A), on which the original hit Compound 16677 targets a postentry step in the viral life cycle. To gain insight into the mechanism of 16677 antiviral activity, we subjected the compound to an initial mechanistic characterization. We first addressed the question of whether membrane fusion, and hence viral entry, is inhibited by the compound. In the presence and absence of 16677, cells were transiently transfected with expression plasmids encoding the MV H and F envelope glycoproteins, and membrane fusion activity was examined microscopically. Controls included transfected cells treated with the lead entry inhibitor AS-48 and 16677-treated cells that were infected with MV rather than plasmid transfected. In contrast to the strong inhibitory effect of AS-48, cell-to-cell fusion mediated by transiently expressed MV H and F proteins was uninhibited by 16677 (Fig. 8A) . However, virus-mediated cytopathicity was fully suppressed by the compound, confirming the specificity of the assay. Quantification of the envelope glycoprotein-induced cytopathicity and generation of dose-response curves for both 16677 and AS-48 confirmed these microscopic observations, since MV H and F protein-mediated cell-to-cell fusion was uninhibited even at 16677 concentrations of 150 M (Fig. 8B) .
A viral-entry assay was employed to assess whether the transient-expression assay accurately reflected the conditions of virus infection. As demonstrated for several enveloped viruses (24) , the infectivity of MV particles is completely ablated by a brief pH 3.0 wash (35, 36) . Capitalizing on this, we adsorbed MV particles (equivalent to an MOI of 0.5 PFU/cell) to target cells at 4°C in the presence or absence of 16677, followed by removal of unbound virus and a 30-minute incubation period at 37°C to allow viral entry to proceed. Subsequently, particles that were in a premembrane fusion state were neutralized through a pH 3.0 wash, followed by incubation with or without compound and determination of virus yields. If 16677 interfered with viral entry, particle absorption in the presence of compound followed by low-pH treatment should result in a sharp drop in virus yields, as exemplified by the previous analysis of members of the AS-48 entry inhibitor class in this assay (35, 36) . However, virus yields were only slightly affected by the pH 3.0 wash when 16677-treated samples were compared to DMSO-treated cells (Fig. 8C) . Substantial reduction of virus yields by 16677 was observed only when the compound was present during the incubation period subsequent to the wash step, confirming its effectiveness (Fig. 8C) .
To specify the time interval postentry in which the virus remained sensitive to inhibition by 16677, the effects of compound administration on replication efficiency at different stages of the viral life cycle were assessed. For this assay, viral growth was synchronized by infection of cells with MV at an MOI of 1.0 PFU/cell, and all samples were harvested 20 h postinfection, thus essentially excluding secondary infections. Even when added 12 h postinfection, 16677 caused an approximately 99.9% reduction in virus yields, thus demonstrating high antiviral effectiveness (Fig. 8D) . This was in contrast to the entry inhibitor AS-48, which, as expected, had to be present at the time of infection to achieve full inhibition. Taken together, these findings demonstrate that 16677 does not inter- Compound 16677 inhibits RdRp complex activity. Our initial HTS protocol does not favor the identification of inhibitors of particle assembly or release. This suggests inhibition of the RdRp machinery as a likely mechanism of antiviral activity of 16677. To evaluate the functionality of the polymerase complex, a plasmid-based subinfection MV minireplicon reporter assay under the control of the T7 promoter was employed (42) . In this assay, the amount of CAT reporter produced is proportional to the activity of the MV polymerase complex. Compound 16677 demonstrated a strong dose-dependent inhibition of CAT expression when its effect on minireplicon activity was examined (Fig. 9A) . This was in contrast to the essentially unchanged CAT levels found in control samples that were treated with the entry inhibitor AS-48. The inhibitory activity of 16677 was specific for the MV minireplicon, since the compound had no effect on a comparable minireplicon that was derived from the related Nipah virus (20) . Nipah virus belongs to the genus Henipavirus within the paramyxovirus family (5), which is related to the genus Morbillivirus and shares approximately 33% overall protein identify with MV.
The specificity of the minireplicon assay was further confirmed when an effect of 16677 on the cellular transcription/ translation machinery or the T7 polymerase function was assessed in a cell-free in vitro transcription/translation assay of MV F. Equal amounts of F protein were detected in treated and untreated samples (Fig. 9B) , indicating that cellular pro- tein biosynthesis was unimpaired by the compound. Taken together, these findings argue against interference of 16677 with the cellular protein biosynthesis machinery or T7 polymerase function as an alternative explanation for the reduction of reporter expression in the MV minireplicon assay. Our data thus highlight 16677 as a first-in-class compound of nonnucleoside inhibitors of MV RdRp complex activity.
DISCUSSION
With the goal of developing novel therapeutics against MV, we have established a robust protocol for the automated identification of MV inhibitors. Our hit identification strategy combines an automated screen with several confirmatory assays that manually assess cytotoxicity, antiviral activity, and compound structure. A screen of 34,000 compounds from a library of the Emory Chemical Biology Discovery Center has yielded four confirmed hits, providing proof of concept for the validity of this assay for the discovery of MV inhibitors.
All four hit compounds harbor a sulfonamide group, although chemically they belong to different structural classes. Future testing will reveal whether this has a specific molecular cause or merely reflects a bias of the compound library assessed in this screening exercise. Comparative structural analysis of all four hit compounds may also provide valuable information for the future generation of structure-activity relationships for hit-to-lead development.
The identification of promising small-molecule inhibitors can be hampered by promiscuous compounds that frequently emerge as putative hits (29, 30) . Rather than docking to defined target areas, promiscuous compounds are thought to act nonspecifically through adsorption or absorption of target structures to larger compound aggregates. Nonspecific and noncompetitive binding ultimately leads to flat structure-activity relationships, typically in the low micromolar range, that usually render chemical efforts to improve biological activity futile (29, 30) . Our observation that the addition of a large amount of BSA and an increase in the number of infectious particles does not affect the EC 50 determined for our most potent hit compound, 16677, recommends this compound as a well-behaved inhibitor of MV. This is further confirmed by its high target specificity. Yields of hPIV2, a distantly related paramyxovirus, are unaffected by 16677, and CDV, a closely related member of the same genus as MV, is mildly inhibited. Selective inhibition of MV also corroborates the results of our cytotoxicity assays, since it argues against general interference with cellular functions, which would likely be nonspecific, as the underlying mechanism of antiviral activity of the compound.
Prior to any future hit-to-lead development efforts, compound 16677 shows activity in the low nanomolar range against a panel of MV field isolates, thus underscoring the therapeutic potential of the compound. Importantly, the panel of viruses examined includes the MV-Ibd isolate of genotype B3, which we have previously found to be naturally resistant to the AS-48 MV entry inhibitor class (14) . The lack of cross-resistance of 16677 with the entry inhibitors suggests a different mechanism of antiviral activity for 16677 and opens potential avenues to counteract spontaneous viral resistance that may develop in the field. While we have not observed an increase in antiviral activity when 16677 and AS-48 were combined in vitro (data not shown), combined administration of inhibitors with different target structures, in analogy to the clinical experience with highly active antiretroviral therapy (3, 4, 31) , has the potential to reduce the frequency with which resistant virions emerge in vivo and/or lower the overall fitness of viral variants with multiple resistances.
Consistent with the absence of cross-resistance with the MV fusion inhibitors and in contrast to the findings obtained for AS-48, compound 16677 does not prevent cell-to-cell fusion mediated by plasmid-encoded H and F MV glycoproteins and shows no inhibitory activity in an MV entry assay. Time-ofaddition assays demonstrated that 16677 potently inhibits MV even when added late in the replicative cycle. These observations suggest interference with RdRp complex function as the mechanism of 16677 activity, since inhibitors acting downstream of RdRp function are not expected to interfere with eGFP synthesis in rMV-eGFP-infected cells. A minigenome reporter assay that monitors the activity of the viral RNA polymerase complex confirmed this hypothesis, since it demonstrated dose-dependent inhibition of MV minigenome expression. The fact that an analogous minigenome assay established for Nipah virus, a related member of the paramyxovirus family, was not sensitive to 16677 underscores the target specificity of the inhibitor. The EC 50 s of 16677 were on average 25 times higher in the minigenome assay than against the different MV isolates. It is tempting to speculate that this could reflect the approximately 24-fold difference in length between the reporter gene and the viral genome. Longer template sequences, requiring more polymerization cycles, may increase the likelihood of productive inhibitor binding when compound concentrations are low and thus result in the lower EC 50 s determined for 16677 against live virus.
Our functional characterization of HTS hit 16677 has revealed that the compound represents a first in class of novel, highly potent nonnucleoside inhibitors of MV RdRp complex activity. Provided that these compounds exhibit favorable safety and pK profiles, members of this inhibitor class may be suitable for the treatment of persistent MV infections. Viruses isolated from subacute sclerosing panencephalitis patients typically show defects in their envelope proteins (19, 22) , which may render entry inhibitors ineffective. While several nucleoside inhibitors of MV have been reported previously, on average these show at least 10-to 100-fold lower potency than 16677, with EC 50 s typically in the micromolar range, and none has progressed to human trials (2) . Nonnucleoside inhibitors of viral polymerases have, however, proven highly beneficial in antiretroviral therapy (11, 28, 34, 48) .
At present, it is not known whether 16677 binds directly to the L polymerase, docks to one of the polymerase cofactors N or P, or interferes with the interaction of these proteins with each other, with a cellular cofactor specific for MV, or with the RNA template. Generation of resistant viral variants through stepwise adaptation, followed by mapping of characteristic sites of resistance, will guide an in-depth molecular characterization of the compound's mechanism of activity. Combined with a ligand-based structure-activity relationship, this information should constitute a viable platform for educated further lead optimization.
Conceptually, our MV-based findings may be adaptable to other clinically relevant members of the paramyxovirus family, such as the recently emerged, highly pathogenic henipaviruses (16, 49) . In this scenario, they prepare the path for a better mechanistic understanding of these viruses and the development of novel therapeutic strategies against pathogens for which no vaccines are currently available.
